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HIGH DENSITY PROPELLANTS FOR SINGLE STAGE 


TO ORBIT VEinCLES 

J. J. Notardonato and Philip A. Masters 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

Mixed mode propulsion concepts are currently being studied for advanced, single 
stage earth orbital transportation systems (SSTO) for use in the post-1 900 time period. 
These propulsion concepts are based on the sequential and/or parallel use of high den- 
sity Impulse and higla specific impulse propellants in a single stage to increase vehicle 
performance and I’educe dry weigiit. Specifically, the mixed mode concept utilizes 
two propulsion systems with two different fuels (Mode 1 and Mode 2) with liquid oxygen 
as a common oxidizer. Mode 1 engines would bum a high balk density fuel for lift-off 
and early ascent to minimize performance penalties associated with carrying fuel 
tankage to orbit. Mode 2 engines will complete orbital injection utilizing liquid hydro- 
gen as the fuel. 

Alternate and complementary paths are available for achieving higher built density 
propellant combinations for both "low” and "high" specific impulse pixipulsion sys- 
tems. That is, "low" specific impulse systems such as RP-1 LOX can benefit by re- 
placement of RP-1 with a more energetic, heavy hydrocarbon fuel, while "high" spe- 
cific impulse systems such as LHg LOX can benefit by utilization of triple point and/ 
or slush cryogens. Note that triple point LOX would be of benefit for both Mode 1 and 
Mode 2 propulsion systems. 

Tills paper summarizes the current state of the art of hydrocarbon fuels and den- 
sified cryogens. An analytical study of hydrocarbon fuels is presented. Candidate 
fuels are compared on the basis of density, specific impulse, and cost. It is shown 
that high density fuels (e. g. , RJ-5) currently being developed for ramjet propulsion 
systems are not cost effective for use in SSTO propulsion systems. An assessment is 
made of the technology advancements required for the practical application of slush 
and/or triple point cr^'Ogens to advanced propulsion systems, Performimce gains that 
can be obtained from the use of new and/or modif.ied propellants are summarized. 

I. INTRODUCTION 

Mixed mode propulsion concepts are currently being studied for advanced, shigle 
stage earth orbital transportation systems (SSTO', for use in tlie posl>-l990 time per- 
iod.^ These propulsion concepts are based on the sequential and/or parallel use of 


STAR category 38 


1 


high density Impulse and high specific impulse pixipellants in a single stage to in- 
crease vehicle perfonnance and reduce dry weight. Specifically, the mixed mode con- 
cept utilizes two propulsion systems with two different fuels (Mode 1 and Mode 2) with 
liquid oxygen as a common oxidizer. Mode 1 engines would bum a high bulk density 
fuel for lift-off and early as ;ent to minimize performance penalties associated with 
carrying fuel tankage to orbit. Mode 2 engines would complete orbital injection utili- 
zing liquid hydrogen as the fuel. 

Higher density propellants may also be used in a number of other near term appli- 
cations, including upratingof present launch vehicles, substitution of the Solid Rocket 
Motor (SRM) boosters on the Space Shuttle with stx’ap-on liquid boosters, or changing 
pix»pellants on the Shuttle Oi’bit Maneuvering Engine (OME).^ All of these applications 
can potentially benefit from higher bulk density propellant combinations compared to 
LOX RP-1 or x’educed cost compared to NgO^ MMH, 

Alternate and complementary paths ax’e available for achieving higher built density 
propellant combinations for botli "low” and "high" specific impulse propulsion sys- 
tems. That is, "low" specific impulse systems such as RP-1 LOX can benefit by x*e- 
placement cf RP-1 with a heavy hydi’ocarbon fuel, while "high" specific impulse sys- 
tems such as LHg LOX can benefit by utilization of ti'iple point and/or slush cryogens. 
Note that triple point LOX would be of benefit forboGi pi’opulsion systems. 

This report will summarize the current state of the art on high density hydrocar- 
bon fuels and of triple point and slush cryogens. An assessment will be made on tech- 
nology required for the practical application of the higher density propellants and of 
the potential benefits when this technology is applied to current and future pi'op”lsion 
systems. 


II. DISCUSSION - HIGH DENSITY HYDROCARBON FUELS 

Hydrocarbon fuels wilh bulk densities up to 40 percent greater than RP-1 (kero- 
sene) have been developed In recent years for application in volume limited ramjet 
3 4 5 

propulsion systems. ' ’ ' The stimulus for current I’esearch is the need to maximize 
range within volume limited envelopes on Air Force and Navy Cruise Missiles sys- 
tems. '^Tlie emphasis of the current fuel research programs is to prepai'e novel fuels 
having a net heat of combustion greater than 1. 05x10^ cal/ cm'"^ (160 000 Btu/gal) with 
a maximum viscosity of 1000 centipoise at 219 K (-65° F) . Navi'’ applications, be- 
cause of more closely controlled environments, have less stringent viscosity require- 
ments. Tlie Navy does, however, x'equire a flash point of at least 333 K (140° F) for 
safety x’easons. Quantities of fuel requii’ed for botli Air Force and Navy applications 
ax'6 limited; consequently, cost, although important, is not an ovexmiding cx’iteria for 
militax’y systems. 

Based on militax’y systems requirements, it is unlikely that the fuel or fuels 
selected for Ci’uise Missile systems would be optimum for use In i-ocket px-opulsLon 


2 


systems. Fuel density is of great interest for both ramjet and rocket propulsion sys- 
tems, However, ramjet fuels are being optimized on Uie calorific value per unit of 
fuel volume whereas rocket fuels must be optimized on the basis of specific Impulse 
which is the thrust developed per unit weight rate of consuraptlnn of propellajits both 
fuel and oxidizer. That is, rocket systems because they carry mi onboard oxidizer 
must base fuel selection on specific impulse rather than energy content per unit vol- 
ume of fuel. 

However, the research being conducted for the militai'y will provide a teclinologi- 
cal base for directing research on novel I’ocket fuels. The criteria used to screen po- 
tential rocket fuels will be density (p) , specific impulse (Igp)t density times specific 

impulse to the third power (pl^^^), and cost. The density compaidson of importance 

s p ^ 

is propellant rather than fuel density at or near the point of maximum impulse. The 
propellant merit index, plgp^. Is somewhat arbltroi’y; however, SSTO vehicles are 
more sensitive to specific impulse tlmn propellant density. {NOTE: The pixipellant 

O 

merit index, pi , is being used to compare hydrocarbon fuels over a relatively 
sp 

narrow range of density and specific impulse, it is not intended to compare hydro- 
carbon fuels with liquid hydrogen. The all Hg/Og SSTO is under study as well as the 
mixed mode concept. Each system has its advantages and disadvantages when com- 
pared against each other and final propulsion concept selected is dependent on many 
factors, including pex’formance and cost of the hydrocarbon fuel selected for the 
mixed mode concept) . 

As a rocket fuel for combustion with liquid oxygen, the potential pei'formance of 
a hydrocarbon depends on its composition, heat of formation, and density. The mo- 
lecular composition of a hydrocarbon can be represenr3d in genei'al as its 

empix'ical composition as CH^, where r = m/n = H/C atom ratio. The value of r 
raixges fx’om a maximum of 4. 0 in methane to less than unity in condensed polyai'o- 
maticfc. In genex'al with all other factors constant, specific impulse increases with 
incx’easuig r (see fig. 1), Specific impulse also increases with increasing heat of 
fox’matioii of the h 3 'dx’ocax’bon fuel. Qualitatively stated, specific impulse will in- 
crease with increasing heat of fonxxation at constant r or with inci'easing r at con- 
stant heat of fox’mation. Additionally, incx’easuig fuel density is beneficial from a ve- 
hicle viewqjoint in that fuel tankage volume reductions are desirable, Moi’eover, an 
uxci’ease in one or two of the ci'itical factoi’s (c.g. , heat of foi’mation, r- ratio, and 
densiti') is obtainable only with a concommitant decrease with the remaining factors. 

For the saturated hydrocarbons that maice up RP-1, the value of r is close to 2 
and the heat of foi’mation is a^ pi’oxlmately -6 K cal/gm atom. Higher (more posi- 
tive) values of the heat of formation can be obtained by introducing chemical imsatu ra- 
tion in the fox’m of double or triple cai’bon to carbon bonds into the molecule or by in- 
ti’oduciixg structui'ai strabi Into the molecule with polycyclic ring stx’uctui’es. in each 
case, however, an inci'ease in heat of foi’mation is achieved at the expense of a de- 
crease in r, and the inci’ease in specific impulse is less than would have been 
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achieved if the heat of formation had been increased at constant r. Looking at candi- 
date hj'drocarbon fuels on a general basis, figure 1 can be developed to describe the 
dependence of I„ on the heat of foirmatlon and the hydrogen/ carbon ratio for known 
hydrocarbons. Using figure 1, one can quickly estimate the performance potential of 
candidate fuels by measuring the heat of formation and Imowing the molecular formula. 

The oxidl 2 ,er/fuel ratio for maximum specific impulse is also a function of the r 
value for the molecul". As r increases the O/F ratio increases to obtain maximum 
impulse. With the exception of figure 2 which shows the specific impulse as a function 
of O/F for three fuels (RP-1, RJ-5, and exo-THDCP) no effort was made to calculate 
maximum specific impulse values for the fuels being discussed. All calculations in 
figure 1 and table I are based on the reaction being stoichiometric to carbon monoxide 
(CO) with specific impulse values calculated from the computer pi'Ogram listed in ref- 
erence 6. 

Ramjet fuels being evaluated have the goal of optimizing density and volumetric 
heat of combustion with no interest, per se, in specific impulse. Many of these can- 
didate fuels do have complex polycyclic structures which may result in high heats of 
formation because of structural strain induced into the molecule. As such, specific 
impulse values for these fuels along with their high density may be in the range of in- 
terest for rocket propulsion systems. In addition, there are a series of energetic 
(positive heats of formation) low and intermediate density liydrocarbons that are po- 
tentially attractive for use in rocket propulsion systems. Properties of these candi- 
date fuels are listed in table I in order of decreasmg fuel density with RP-1 included 
as the baseline. The following comments are offered pertaining to the hydrocarbon 
fuels listed in table I: 

1. On a unit mass basis RP-1 is likely to continue to be the lowest cost hydro- 
carbon fuel for rocket propulsion systems. Because of its low cost RP-1 is a stixsng 
candidate fuel for mixed mode SSTO propulsion systems which require high volume 
usage. 

2. Depending on vehicle systems i-equii'ements, there is a series of high, inter- 
mediate, and low density hydrocarbons that are potentially attractive for use in rocket 
propulsion systems. 

O 

2. Of the high density fuels (greater than 1 gm/cm ), RJ-5 (Shelldime-ii) has 
be-n studied extensivel 3 f and is considered to be the baseline high density fuel. On a 
cost/performanee basis, however, it is unlikel 3 ' that RJ-5 will be a viable candidate 
fuel for rocket propulsion systems that i-equire high volume fuel usage. 

4. Arguments made in reference 1 and showm m figure 3 which promote the use 
of RJ-5 are not considered valid because of the assumption of fixed volume vehicles. 
Vehicles designed on the basis of fixed pa 3 'load utilizing lower cost propellants (RP-1) 
although larger and heavi( r are likel 3 ^ to be more cost effective than vehicles using 
RJ-5. Cost effective is used to denote a minimum cost per imit mass of payload in 
orbit. 
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5. It is likely that most, If not of tlie high density fuels (items 2 to 8, table I) 
being developed foi* i.'amjet applications will not be cost effective foi* use in SSTO pro- 
pulsion systems because of economic and pei'fonnance consldei'atlons. Because of 
the complexity of the molecular structures and the Involved synthesis routes, most of 
these fuels will be at least an order of magnitude moi’e expensive than RP-1 on a unit 
mass basis. Additionally, it is expected tliat there will be little, if any, improvement 
in specific impulse of these fuels compared to RP-1. As shown in figure 1 and dis- 
cussed previously, the specific impulse potential of hydrocarbon fuels is a function of 
the heat of foiination of the hydrocai'bon molecule and the hydrogen/ carbon atom 
ratio. Because there Is a large induced structural strain in these high denslti', poly- 
cyclic molecules, it is anticipated that the heats of formation will be considerably im- 
proved compared to RP-1; however, this was accomplished with a reduction in the 
hydrogen/ carbon atom ratio of the fuel. These high density fuels witli a liydrogen/ 
carbon ratio below 1,3 are expected to have a lower specific impulse than RP-1, 
Overall performance as measured by pigp will be positive when compared to RP-1 
but the net inci'ease in performance is not sufficiently large to overcome the net cost 
differei.tial. Of the high density fuels listed, tetrahydrotricyclopentadiene will prob- 
abljf offer the best combination of cost, specific impulse, and density characteristics 
and, as such, should be evaluated further, Dicylopropanted dimenthanohexalin will 
probably have acceptable performance but it is expected to have too high a cost. 

6. Complex high density hydrocarbons (e. g. , RJ-5) may be cost effective in limi- 
ted volume applications such as a mixed mode propulsion concept proposed for the 
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Space Tug. 

7. It is possible by direct hydrogeneration of i-efinery streams from catalytic 
cracking towers to obtain inexpensive, relatively high density fuel candidates for 
mixed mode propulsion systems. Two fuels of tliis type as designated by RS-A and 
RS-B in table I were eliminated froin Air Force ramjet systems because of freezing 
point problems. However, for rocket propulsion systems their low cost (approx. 
22(i/kg) and relatively high density makes them potentially strong candidates. These 
candidate fuels are mixtures of varying boiling point petroleum fractions and data is 
needed on an average molecular composition and heat of formation befoi’e a judgment 
can be made on their potential as a rocket fuel. 

Q 

8. There is a series of "intermediate" density (p = 0. 95 gm/cm ) and "low" den- 

n 

sity (p = 0.80 gm/cm ) hydrocarbon fuels listed in table I wliich have potential cost/ 
performance advantages when compared to RP-1. 

9. Exo-tetrahydrodicyclopentadiene (item 11, table I) which is being developed as 
a diluent for the high density ramjet fuels is a strong candidate rocket fuel. It has a 
higiier density and approximately the same specific Impulse as RP-1 with a projected 
cost of 55 cents/kilogram. On the basis of pl_ ' its performance is close to that 

bp 

obtainable from RJ-5 at a fraction of the cost of RJ-5. Cyclopcntadiene feed stock for 


REPRODUCrBTLITY OF TH' 
rmioThiAL PAGE IS PO^‘- 


5 


the synthesis of this fuel can be obtained from coal gas and in excess of 45xl0“ kilo- 
grams per year are used. 

10. There is a series of low density hydrocarbons such as 1,7 octadli'ne which 
are considerably more energetic than RP-1. These hydrocarbons offer the gi’eatest 

3 

potential for Increased performance as measured by pi . A verification of the 

sp 

pi-opertles of these fuels along with a projected cost are required before their poten- 
tial can be evaluated. These lower density energetic hydrocarbons should also be 
evaluated for mixed mode propulsion concepts such as Item 6 above. 

11. Acetylene and methane are included in table I because they represent tlie lim- 
its obtainable on the heat of foi'mation and hydrogen/carbon atom ratio. Acetylene, 
which is highly unstable in liquid form, represents the maximum obtainable specific 
impulse from ioiown hydrocarbons. 


III. CONCLUSION - HIGH DENSITY HYDROCARBON FUELS 


Comparison of the data presented with known properties of RP-1 results In the 
following conclusions: 

1. Acetylene w'ith a specific impulse 10 percent higher than RP-1 represents Che 
maximum obtainable specific impulse from the hydrocarbon family of fuels. It Is, 
however, not a candidate fuel because of severe instability problems of the liquid. 

2. Propellant density Increases of greater tlran lO percent are obtainable from a 
series of high density hydrocarbon fuels (e.g. , RJ-5, H-COT Dimei’). However, 
these density increases are accompanied by a loss in specific impulse and greatly in- 
creased costs. 

3. Increases of approximately 5 percent arc obtainable in specific impulse and 
propellant density, for selected fuels listed in table I. These performance gains may 
be obtamable w'ith minimal cost penalties. 

4. Increases of up to 14 percent are obtainable in arbitrary propellant merit m- 

3 

dex (pl ). niis increase may also be obtainable at tm acceptable cost, 
sp 

5. S\Tithesis routes, verification of chemical and physical propei’ties, projected 
costs, and safety considerations need to be evaluated for most candidate fuels listed 
in table I before a judgment can be made on whether or not to replace RP-1 as the 
logical fuel selection for Mode 1 propulsion on the SSTO. 

IV. DISCUSSION - TRIPLE POINT AND SLUSH CRYQGENS 


liydrogen with all its apparent advantages as a space transportation system fuel 

o 

does have two major disadvantages, lliese are its lo-.v liquid density (0.071 gm/cm'^ 
at 20. 3 K) and volatile nature of the liquid. Considerable technical effort tvas ex- 
panded during the 1960 's on techniques to increase the density and extend the storage 
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time by subcooling and/ox' a partial solidification of die liquid. Advanced piopulsion 
concepts under evaluation could benefit significantly fi’ora the increased density of 
subcooled and/or slush cryogens depending on the economics and practicality oi manu- 
facturing and utilizing of densified cryogens. Current interest centers not only on 
triple pohit and slush hydrogen but also liquid oxygen at the triple point. Methane 
which has been studied extensively but is not in use as a rocket fuel should also be 
evaluated as a triple point liquid or slush fluid. 

Past technology studies have dealt almost exclusively with tidple point and slush 
hydrogen with fevv references available on subcooled liquid oxygen. Properties of in- 

Q 

terest for triple poh'*- and slush hydrogen are shoxvn in table II. 

The volume advantage of 13 percent for a 50 pei’cent mixture of hydx’Ogen slush 
and of 8 percent for ti’iple point hydi'ogen ai’e the areas of prime interest in subcooled 
hydrogen. Additional advantages may be obtained in tlie storage of subcooled hydro- 
gen because of its added heat capacity. For liquid oxygen a 14 percent increase in 
density can be obtained with triple point liquid (1.31 gm/cm^ at 54.4 I^) compared to 

Q 

the saturated liquid at tlie noi’mal boiling point (1.14 gm/cm at 70.2 K). 

Slush oxygen utilization is of no great significance because the small additional 
increase in densiti' (appi'ox. 2 percent) is applicable to the much lower volume oxidi- 
zer tanli in a space pi’opulsion system (appi'ox. l/3 the volume of the hydix)gen tank at 
an O/ F ratio of 6) . 

Studies have shown that, in genei’al, the most economical method for pi'oducing 
triple point and/or slush hydrogen is by tlie vacuum pumping directly over the surface 
of the saturated liquid.^ Tills teclmique I'eferi'ed to as the "freeze- thaw” process in- 
volves very rapid pressure modulation (10 eycles/min) controlled to ±5 mm Hg of the 
triple point pressure. Slush is formed during the pressure I’eduction cycle and the 
slush mass is broken during the repi'essurization cycle and settles to the bottom of 
the container. Tlieoretical studies show that if the fi'eeze-thaw pi’ocess was carried 
out under completely adiabatic conditions appi’oximately 15 pei’cent of the liquid hy- 
di'ogen is pumped off to achieve a 50 percent mixture of slush and triple point liquid. 
Tlie lii'^drogen pumped off can be recirculated back to the hydrogen liquefier for re- 
covery and reuse. 

At least two additional piocesses have been evaluated for producing subcooled 
hydrogen, hi one process, liquid hi'drogen i.s held in a pretreatment chamber at a 
pressure and temperature between saturated and triple point liquid. This partially 
subcooled liquid is expanded thi-ough a valve to a pressure well below the triple point 
pressure thereby cooling and solidifying portions of the liquid. Additionally, slush 
and/or triple point hydrogen can be produced by blowing helium through the liquid. 
Evaporated hydrogen is carried off in a stream of helium with cooling of the remain- 
der of the liquid. This technique is of hiterest for upgrading triple pomt and/or slush 
hydrogen in fuel tanlv of a rocket where vessel walls are thin and can not withstajid 
vacuum pumping. 
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Tlie necessary conditions for producing large quantities of triple point and/or 
slush ciyogens do not appear insurmountable. Because of the low vapor pressure of 

p 

liquid hydrogen at its triple point 0.7 Newton/ cm (1.02 psin) precautions must be 
talcen to prevent air from being drawn into the system, 'lire condensation of solid oxy- 
gen from air on liquid hydrogen is hazardous and must be prevented. Either a lesilc 
tight vessel and/or a vessel surrounded with helium gas is required during production. 

During fueling of space vehicles, it will be necessary to pressurize the fuel tanit 
above atmospheric pressure with helium gas. Preliminary data indicate the solubility 
of helium gas in slush hydrogen is low; therefore, no significrmt degradation in per- 
formance will be experienced because of dilution of the fuel. 

Literature data records the transport and storage of subcooled hydrogen with the 

O 

most efficient equipment available. For example, a 4-day trip in a railway tank De- 
war would cause a reduction in the solid fraction from 50 to appraxlmately 40 percent 
which can be upgi*aded back to 50 percent by a small vacuum pump on the launch site 
storage tanlt. Consequently, triple point and/or slush hydrogen can be produced at 
existing hydrogen liquefaction facilities and transferred to tlie point of utilization with 
no major pi-ecedural modifications required. 

Studies have been performed on effective designs and operation of propellajit 
majiagemont systems for liquid and slush hydrogen fueled vehicles. Included in these 
studies wexe; (1) loading of tinple point liquid and/or slush hydrogen into the fuel tank 
on the laiuxch pad, (2) measurement of hydrogen quantity (mass) and quality (solid con- 
tent) in the fuel tajik dui’ing tanlx fill and ground hold, (5) maiiitemmce and/or upgrad- 
mg of hydrogen quality during groiuid hold, (4) measui’ement of hydrogen quantity dui’- 
ing flight, (5) pi-opulsion system flow characteristics, and (G) px-opellant utilization 
systems. These studies along with some minimal experimental woi'k, while sui>- 
portive hi promotmg the use of slush fueled vehicles would require more extensive 
analytical and experimental woi'k to verify the i-esults. 

Available data indicate that the I'ecommended technique for maintenance of hydro- 
gen quantity and quality in a vehicle fuel tanlc is recirculation. This technique can be 
accomplished by contmuous or intermittent flow of two-phase mixture of hyeirogen 
fi’om the stox’age Dewar. Adjustment of the flow rale can be used to control quality 
of fluid ui the vehicle fuel tank. The recirculation .system does have the disadvantage 
of I'equiring an additional large diameter line and umbilical Eor returning tne liquid 
from the vehicle to the gi'ound storage Dewar. 

Analytical studies indicate that there are no major problems with insulation, 
venting, and pressurization systems for subcooled hydrogen fuel tanks. Startup pres- 
surant i-equirements can be considex'ably higher where a sulxcooled hydi-ogen is uti- 
lized compared with standai'd liquid h;. 'b'ogen bccaucc of the low vapor pressure of the 
subcooled liquid. Studies indicate that for engine startup helium is the best pressuri- 
zing medium mid that warm hydi-ogcn fi'om the engine iilced system Is best for expell- 
ing the liquid during firing. 
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V. CONCLUSION - TRIPLE POINT AND SLUSH CRYCGENS 


Based on the data reviewed the following conclusions are offered; 

1. 'riaere Is no apparent technical reason 'why triple point antl/or slush hydrogen 
cannot be used In advanced propulsion systems to take advantage of its increased den- 
sity. 

2. Production atid vehicle related operation costs must be evaluated to determine 
on a cost/performance basis tlie potential benefits of subcooled cx'yogens. 

3. Subscale testing must be pei'formed to substantiate and expand available data 
on the following: (a) verification of transfer, storage, and use of subcooled hydrogen 
in flight type pi-opellant tankage; (b) demonstration that helium can be used to stabi- 
lize a flight weight tanlc containing lo\v vapor pressure subcooled hydrogen; (c) demon- 
stration of the required instrL.mentatlon to determine quality and quantity of subcooled 
hydrogen within the accuracies required for space vehicle systems; and (d) provide 
data on engine and pump performance for triple poUxt hydrogen. 

VI. EFFECTS OF PROPEIXANT TECHNOLOGY ON SSTO 


VEHICLE PERFORMANCE 


Arguments made by proponents of mixed mode propulsion systems for SSTO ve- 
hicles have to a great degree been based on fixed volume vehicles. As shown in fig- 
ure 3 and discussed previously increasing fuel density first by utilization of high den- 
sity hydrocarbons (RJ-5) followed by slush cryogens has a striking effect on payload 
capability of the vehicle. While this approach is an effective argument for utilizing 
high density fuels, it may not result in a cost effective vehicle. A more detailed ap- 
proach being evaluated internally and on contract by Langley Research Center is to 
design to a fixed payload and allow die vehicle size to expand or contract to accom- 
plish die mission. Both mixed mode and all LHg LOX concepts are being evaluated, 
Fuel selections can then be made on the basis of reduced costs achieved through lower 
dry weight and/or gross lift-off weight as opposed to increased recurring costs asso- 
ciated with moi'e complex fuels. 

Effects of propellant improvements for the mixed mode (parallel burn) SSTO are 
summarized in figure 4 and tabic HI. Figure 4 shows the effect on payload of in- 
ci’easing perfonnance ol' the Mode 1 propellant as measured b 3 ' pLt^' ^ 
slant volume vehicle. Significant payload improvements are obtained with the higher 
performance propellants; however, tire projected cosLs for RJ-5 and the amine group 
of fuels are extremely high. Fuels such as cxo-telraliydrodicyclopentadiene with a 
performance very close to RJ-5 may be economic^. Table HI shows the effects of a 
percentage increase in I and density on dry weight and gross lift-off weight 

bp 
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(GLOW). Note that the sensitivity to specific impulse Is significantly higher than 
rlenslty sensitivity. 

Table IV shows bulk density effects on both the all LH^ LOX and the mixed mode 
vehicle concepts. Table IV shows perfoitnance gains that can be iallzed by utlll- 
zbig triple point and slueh hydrogen and oxygon. Reduction of close to 8 percent in 
dry weight and 6 percent in GLOW ai*e obtainable by using slush v. xyogens for the all 
H-0 vehicle. Vehicle size reductions obtainable by using triple point and slush cryo- 
gens must be compared to the inci’eased cost of manufactui'ing tlie propellants and tlie 
increased complexity of usbig them, 

VII, PROPELLANT COST PROJECTIO NS 

Table V gives a summary of current fuel costs and projected fuel costs for Uie 
1990 time pei’iod. Because of the rapidly escalating cost of energy in I’ecent yeart , 
fuel costs are diffictilt if not impossible to project with a high degree of confidence 
It is clear that petroleum based products such as RP-i because of their high volume 
usage will continue to be the lowest cost fuels available. The current and projected 
costs for the synthetically derived speciality chemicals such as RJ-5 will limit their 
use to low volume applications. Recent cost increases for hydrazine based fuels re- 
sulting from govenimental regulations on safety (one of (he chemical mtermediates is 
carcinogenic) will greatly reduce the utilization of these fuels. Hydrogen costs al- 
though relatively stable for the past 10 3 'ears are projected to increase rapidly in the 
immediate future. 


Vm, CONCLUDING REMARKS 


Sigiaificant gains in performance can be obtained from the utilization of new and/ 
or modified propellants. Technological studies including cost/performance tradeoffs 
must be performed to evaluate the potential of applying this technology to SSTO 
schedules. Speciality fuels may find application in low volume applications especially 
as a replacement for hydraJiine based fuels. 
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TABLE U. - PROPERTIES OF SLUSH HYDROGEN 


Property 

Triple point 
solid Hg 

Slush ^2 
50 percent 
solid 

Triple point 
liquid H2 

Triple iDOint 
Hg vapor 

Atmospheric 
saturated 
liquid Hg 

Atmosphei’lc 
saturated 
Hg vapor 

Ttnipernture, K 

13.6 

13.8 

13.8 

13.8 

20.3 

20.3 

2 

Prossurc, N/cni 

0.70 

O.TO 

0.70 

0.70 

10.2 

10.2 

Density, gni/cc 

0.08060 

0.08153 

0.07705 

1.249x10"'^ 

0.0708 

0.0013455 

Specific volume, cc/gm 

11 . 54 

12.265 

12.98 

8006.405 

14. 124 

743.22 

Entljalpy 
ciil/gm (mol) 
Joules/gm (mol) 

5.0901 

(ai. 622 ) 

19,106 

(79.04) 

33.129 

(138.01) 

250.0 

(1040.0) 

58,92 
(24b. 54) 

273.73 

(1145.28) 

S|joclfic volume below 
atraosplicrio satura- 
Ictl liciuld, cc/gm 

2.56 

1.873 

1.1237 


Q 





Volume advantage for 
slush, Hj, percent 

18 

13 

8 








TABLE III. - SENSITIVITY GRADE FOR PARALLEL 
BURN SSTO^’^ 


Parameter 

Percent GLOW 

Percent dry weight 

Percent parameter 

Percent parameter 

1 

-0,82 

-0.48 

sp 



P 

-0.042 

-0.074 


^Specific impulse versus piopellant bulli density, 
^Unpublished data fi-om NASA Langley Research Center. 
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TABLE IV, - BULK DENSITY EFFECTS ON SSTO VEHICLE WEIGHTS'' 



' 

BPO/DPH 

(b) 

TPO/BPH 

SO/BPll 

TPO/TPH 

SO/SH 

lo,Vlh 

p, gru/cm^ (Ib/ft^) 

0.393 (a'l.SS) 

0.-109 (25.55) 

O.-lll (25.09) 

0.-135 (27.20) 

0.-160 (28.-17) 


Ap, percent 


‘1.07 

-l.C‘l 

10.79 

15.97 


ADiy welglit, percent 


-1.97 

-2.26 

-5.23 

-7.75 


AGLOW, percent 

— 

-1,55 

-1.77 

--1.12 

-G, 10 



BPO/BPM+HJ 

TPO/BPll+HJ 

SO/BPH+nj 

TPf)/'TPH+BJ 

SO/SH +RJ 

Parallel burn 

p, gni/cm^ (Ib/ft^) 

O.'lSl (28, 1C) 

0.‘171 (29. *15) 

0.‘17‘l (29.02) 

0.50 (31.19) 

0,521 (32.57) 


Ap, percent 


4.SS 

5.18 

10.7C 

1 5 . (!(i 


ADi-y \vel(^)t, percent 


-2.22 

-2.51 

-5.22 

-7. GO 


AGLOW, pei’oent 


-1.75 

-1.98 

-'1.11 

-5.98 


**UnpuWIshed tliitafiom NASA Langley Uosoarch Center. 

*'bpo- Bolling point oxygen; BPH - Bolling point liydi-ogen; TPO - Triple jxjliit oxygon; TPM - triple point 


hydrogen; SO - Slush oxygen; SH - Slush hydrogen. 


TABLE V. - PROPELLANT COST PROJECTIONS 


Propellant 

Cui’rent cost, 
$/kg ($/lb) 

Estimated 1990 cost, 
$/]cg ($/lb) 

LHg 

1.10 (0.50) 

3.96 (1.80) 

LOg 

0.059 (0.027) 

0.22 (0.10) 

MMH 

13.24 .Ogi 

48.48 (22.00) 

N2H4. 

4.40 (2.00) 

16.08 (7.30) 

RP-1 

0.13 (0.05) 

0.48 (0.22) 

RJ-5 

4.40 (2.00) 

16.08 (7.30) 
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Figure 2. - Theoretical pertormanco versus mixture ratio lor 
LOX/liydrocarbon propellants expanded to 1 atmosphere - 
Pc • 2058 N/cra^. 


Figure 1. - Specitic Impulse versus AH|/n el various 
values of atom ratio H/c ■ r. 
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Figure 3. - Payload improver^ciiis Ihroi’gh propulsion system 
optimization. IReusable one-stage-lj-orbil-anil-raturn 
VTOHL; ascent propeliant volume ol 2377 raeter^ (8^1 000 It^l. I 


Figure 4. - Orbilal payloi. versus model p'opellani index lor a 
constant wlumc vehicle - BO. 000 (1^, ir,blained Irotn Aeroiel 
Liquid Rocket Co. I 
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